Hypocretin/Orexin Excites Hypocretin Neurons via a Local Glutamate Neuron—A Potential Mechanism for Orchestrating the Hypothalamic Arousal System  by Li, Ying et al.
Neuron, Vol. 36, 1169–1181, December 19, 2002, Copyright 2002 by Cell Press
Hypocretin/Orexin Excites Hypocretin Neurons via
a Local Glutamate Neuron—A Potential Mechanism
for Orchestrating the Hypothalamic Arousal System
perifornical region (van den Pol et al., 1998), including
some terminals that synapse on both hypocretin and
other uncharacterized neurons (Horvath et al., 1999b).
A primary function of hypocretin neurons appears to
be in enhancing arousal (Thannickal et al., 2000; Peyron
Ying Li,1 Xiao-Bing Gao,1 Takeshi Sakurai,2
and Anthony N. van den Pol1,3
1Department of Neurosurgery
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New Haven, Connecticut 06520
2 Institute of Basic Medical Sciences et al., 2000; Hagan et al., 1999; Bourgin et al., 2000).
Most models presume that there must be some level ofUniversity of Tsukuba
Tsukuba orchestration of output from cells regulating arousal and
attention, raising the question as to what form of feed-Japan
back might exist among hypocretin neurons and be-
tween hypocretin neurons and other arousal systems.
Neuropeptides such as hypocretin are generally thoughtSummary
to show a higher probability for release at high levels
of activity. Despite the strong level of interest in thisNeurons that release hypocretin/orexin modulate
sleep, arousal, and energy homeostasis; the absence system, the physiological characteristics of the hypo-
cretin neurons and the feedback effects of hypocretinof hypocretin results in narcolepsy. Here we present
data on the physiological characteristics of these on hypocretin neurons have not been studied. In large
part, the absence of studies on the physiology of hypo-cells, identified with GFP in transgenic mouse brain
slices. Hypocretin-1 and -2 depolarized hypocretin cretin neurons has stemmed from difficulties in locating
them in brain slices; despite their importance in arousal,neurons by 15mV and evoked an increase in spike
frequency (366% from a 1–3 Hz baseline). The mech- they constitute only a small percentage (10%) of cells
in the lateral hypothalamic area. Our work reported hereanism for this appears to be hypocretin-mediated exci-
tation of local glutamatergic neurons that regulate addresses the important question of how hypocretin
neurons respond to hypocretin and whether there is ahypocretin neuron activity, in part by presynaptic facil-
itation of glutamate release. This represents a possible negative or positive feedback. We used transgenic mice
that express GFP only in hypocretin neurons, allowingmechanism for orchestrating the output of the diffuse
hypothalamic arousal system. No direct effect of hypo- detection of live hypocretin neurons in brain slices. Volt-
age and current clamp whole-cell recording was em-cretin on membrane properties of hypocretin cells was
detected. Norepinephrine and serotonin, transmitters ployed to characterize the active and passive membrane
properties of these cells and to examine the responseof other arousal systems, decreased spike frequency
and evoked outward currents, whereas acetylcholine to hypocretin and transmitters of other arousal systems.
Our data provide strong support for a positive feedbackand histamine had little effect.
mechanism mediated by glutamate interneurons that
are excited by hypocretin, with little direct response ofIntroduction
hypocretin cells to hypocretin. We also provide evidence
that two other transmitters, norepinephrine and seroto-A number of converging lines of evidence suggest that
hypocretin/orexin neurons, found exclusively within the nin, also involved in arousal, exert substantial inhibitory
actions on hypocretin neurons.CNS within the lateral hypothalamus/perofornical area
(de Lecea et al., 1998; Sakurai et al., 1998), play a critical
role in arousal and attention. Mice and dogs lacking Results
hypocretin or its receptors show symptoms of narco-
lepsy, characterized by excessive daytime sleepiness, GFP Is Selectively Expressed
hypnagogic hallucinations, poor REM sleep, and cata- in Hypocretin Neurons
plexy (Chemelli et al., 1999; Lin et al., 1999). Human Histological sections were examined throughout the
narcoleptics have little hypocretin in their CSF and few brains of the transgenic mice. The only region in the
or no hypocretin neurons (Nishino et al., 2000; Peyron entire brain where GFP-expressing cells were found
et al., 2000; Thannickal et al., 2000), possibly due to was in the lateral hypothalamic/perifornical region—
neurodegeneration of the hypocretin cells (van den Pol, coextensive with where hypocretin immunoreactive
2000). neurons were found. The GFP-expressing cells had the
Projections from hypocretin neurons ramify widely morphology typical of hypocretin neurons, with rela-
throughout the brain and spinal cord and innervate a tively large cell body, several dendrites, and an axon
large number of loci, including those already recognized (Figure 1). GFP was found in the cell body and proximal
as playing roles in attention and arousal, including the dendrites of positive cells. As GFP can be detected in
locus coeruleus, dorsal raphe, tegmentum, and midline both fixed and unfixed sections, immunostaining with
thalamus (Peyron et al., 1998; Broberger et al., 1998; Texas red for hypocretin was compared with the GFP
Elias et al., 1998). Importantly, hypocretin axons main- expression. Immunostaining was compared with GFP
tain a high level of local collaterals to cells of the LH/ expression in 200 neurons from each of three brains.
All cells that expressed GFP also showed red immunore-
activity. Some cells (19%) were immunopositive but3Correspondence: anthony.vandenpol@yale.edu
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356  16 M (range 212–441 M, n  20) calculated
from the slope of the current-voltage relationship. The
current-voltage relationship was linear between 0mV
and 50mV and showed a slight inward rectification
between 50mV and 80mV (Figure 2B). The time con-
stant of the passive membrane response was 37.2 
1.0 ms (range 30–45 ms, n  20) to reach e1 (63%) of
the maximum voltage deflection with a hyperpolarizing
current injection of 100 pA.
Active Membrane Properties—Action Potentials
Spontaneous action potentials were recorded (KMeSO4
in the pipette) from the hypocretin neurons in LH slices
under current clamp at resting membrane potential (Fig-
ure 2C). Single spikes were followed by an afterhyperpo-
larization, and spontaneous excitatory postsynaptic
potentials were common between spikes. The sponta-
neous action potential amplitude was 78.1mV  1.4mV
(range 72.4mV to 88.4mV, n  15). Under control condi-
tions, the spike frequency was 2.58  0.55 Hz (range
from 0.17 to 6 Hz, n  13). When the sodium channel
blocker tetrodotoxin (TTX, 0.5 M) was bath applied,
action potentials were completely blocked, showing that
the spikes were sodium-based TTX-sensitive spikes
(Figures 2D–2F). In order to investigate active membrane
properties of hypocretin neurons, ramp and step current
injections were used to study action potentials. Upon
sustained current injection, hypocretin neurons showed
robust action potentials (Figure 2G). The action potentialFigure 1. GFP Is Expressed Selectively in Hypocretin Immunoreac-
threshold was 47.1mV  1.0mV (range from 40mVtive Neurons
to58mV, n 30). The mean amplitude of action poten-(A) GFP-expressing cells in a slice from the lateral hypothalamus.
(B) The same section stained with antisera against hypocretin labels tials was 83.0mV  1.0mV (range 75mV to 92mV, n 
all the same neurons that show GFP expression. Scale bar, 12 m. 30). When hippocampal neurons are subjected to con-
tinuous depolarizing conditions using experimental par-
adigms, the frequency of spikes slows down over time,
showed relatively little GFP expression. These results a phenomenon called “spike frequency adaptation”
indicate that GFP is a reliable marker for hypocretin (Madison et al., 1987; Madison and Nicoll, 1988). In con-
neurons but that, in fixed sections, not every hypocretin trast, in hypocretin neurons, little spike frequency adap-
immunoreactive cell expresses sufficient GFP to detect. tation was seen in response to a continuous depolarizing
This could in part be due to low levels of expression in current step pulse (from 20 pA to 180 pA, duration 3 s,
some cells or to the attenuation of GFP fluorescence Figure 2G). Hypocretin cells fired repetitively throughout
due to the combination of fixation, Triton X-100 permea- the depolarizing current step up to 180 pA (duration 3
bilization, and the long series of washes during immuno- s) but did not fire throughout the current step with 200
staining. We have previously shown that GFP expression pA or more.
in transgenic mouse neurons does not alter resting Two methods of current injection were used to test
membrane potential, input resistance, current-voltage how fast hypocretin neurons can fire, ramp and fast step
relations, spike threshold, or hypocretin responses (van pulses. Figure 2H shows a representative example of
den Pol et al., 2002). the response of a hypocretin neuron to current ramp
As the immunocytochemistry substantiated the fact pulse. The first action potential half-width was 1 ms, but
that neurons that expressed GFP under a hypocretin the last one was 3.4 ms, an example of spike broadening.
promoter were also immunoreactive for the peptide, we Figure 2H (box) shows the fastest ten spikes of that
used GFP expression to find and selectively record from cell. With ramp stimuli, hypocretin neurons fired at a
hypocretin neurons. frequency up to 200 Hz. Single brief depolarizing pulses
(2 ms duration) were also used to examine the maximum
frequency of action potentials. All neurons tested withPassive Membrane Properties
100 Hz stimulation followed at the same rate. With 200of Hypocretin Neurons
Hz stimulation frequency, 3 of 18 cells followed the rate.Whole-cell patch clamp recording was used to record
Some hypocretin neurons can fire remarkably fast whengreen hypocretin neurons under voltage and current
stimulated at a high frequency. Figure 2I shows this fastclamp in hypothalamic slices in the following experi-
spiking behavior of a hypocretin neuron. The amplitudements. The mean resting membrane potential of hypo-
of injected current was 1 nA (2 ms). The hypocretincretin neurons was 57.11mV  1.0mV, ranging from
50mV to 68mV (n  30); mean input resistance was neuron followed a stimulation frequency of 333 Hz.
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Figure 2. Active and Passive Membrane Properties of Hypocretin Neurons
(A) This series shows the voltage response to current injection.
(B) Mean current-voltage relationship in 20 hypocretin neurons.
(C) Shows spontaneous action potential with KMeSO4 in the pipette from the hypocretin neurons in LH slices under current clamp at resting
membrane potential, 59mV.
(D–F) Voltage responses to current injection under control conditions (D), in the presence of the sodium channel blocker TTX (0.5 M, [E]),
and after washout (F), showing that the spikes were sodium-based TTX-sensitive spikes. Baseline 60mV.
(G) Shows voltage responses to a depolarizing 50 and 130 pA current injection. The cell fired repetitively following depolarizing current
injections up to 180 pA. When the injected current was large (200 pA), the cell spikes gradually became smaller and then stopped, in part
due to sodium channel inactivation (data not shown).
(H) A representative example of rapid spike frequency of a hypocretin neuron in response to a current ramp pulse. The first action potential
half-width was 1 ms, the last one was 3.4 ms, suggesting spike broadening with fast frequency spikes. The box shows the fastest ten spikes
of (H). The fast spike frequency here is 200 Hz.
(I) In response to repeated brief current injections, a cell could fire as fast as 333 Hz.
Glutamate and GABA Input to Hypocretin Neurons a mean depolarization of 41mV  4mV, range 25mV to
57mV (n  11) when the neurons were recorded atTo confirm that hypocretin neurons expressed iono-
tropic GABA or glutamate receptors, we bath applied 60mV (Figures 3B and 3E). NMDA depolarized neurons
by a mean of 25mV  3mV, range 10mV to 47mV (n GABA and glutamate agonists. Application of glutamate
agonists NMDA (50 M; tested in zero Mg2) and AMPA 11) at 60mV (Figures 3C and 3F). The inward currents
induced by AMPA were from 550 to 1850 pA with a mean(50 M) each depolarized neurons in current clamp and
evoked inward currents in voltage clamp. AMPA induced of 1.3 0.2 nA (n 7) (holding potential60mV). NMDA
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Figure 3. Glutamate and GABA Are Responsible for Synaptic Currents
Hypocretin neuron responds to glutamate agonists AMPA (50 M) and NMDA (50 M) and GABA agonist muscimol (30 M) under current
clamp with and without TTX. Under current clamp, muscimol hyperpolarized the cell (A); AMPA (B) and NMDA (C) depolarized the cell,
respectively. In the presence of TTX, muscimol hyperpolarized cells (D), whereas AMPA (E) and NMDA (F) depolarized the cells. (G) Postsynaptic
currents were blocked by glutamate antagonist AP-5 (50 M) and CNQX (10 M) and the GABA antagonist bicuculline (30 M) when the
membrane potential was clamped at 35mV. Left, control; middle, in the presence of AP-5, CNQX, and bicuculline (BIC); right, washout.
evoked inward currents with a mean of 112  11 pA, Glutamate Neurons Mediate
Hypocretin Feedbackrange 68–154 pA in hypocretin neurons held at 60mV
(n  7). When the GABA-A agonist muscimol (50 M) A high frequency of spontaneous action potentials was
recorded from hypocretin neurons in LH slices (Figurewas applied, cells showed a hyperpolarization in current
clamp and an outward current in voltage clamp. Musci- 4). Hcrt-2 (2 M) depolarized hypocretin neurons from
57.1mV  2.6mV (range from 49mV to 67mV) tomol hyperpolarized the neurons with a mean of 16mV
2mV, range 7mV to 25mV, at 60mV (Figures 3A and 42.0mV  2.2mV (range from 33mV to 50mV, n 
7) by 15mV (range 5mV–30mV). Hcrt-2 increased spike3D), and evoked an outward current with a mean of
254  106 pA, range 88–879 pA, in neurons clamped at frequency of hypocretin neurons from 1.2  0.4 Hz
(range from 0.2 to 2.2 Hz) to 3.2  0.9 Hz (range from60mV.
To determine the role of GABA and glutamate in syn- 1 to 6.5 Hz) (mean increase 366%  92%, range 180%–
800%) (n 6) (Figure 4A). In one hypocretin neuron thataptic regulation of hypocretin neurons, we used selec-
tive ionotropic antagonists of these two fast amino acid did not fire under control conditions, Hcrt-2 initiated
action potentials at a frequency of 2 Hz.neurotransmitters. In order to differentiate EPSCs and
IPSCs, KMeSO4 was used in the pipette solution. EPSCs The spike frequency increase induced by Hcrt-2 in
hypocretin neurons could be due to direct or indirectwere recorded as inward currents (downward), and
IPSCs were outward currents (upward), as shown in actions of the peptide. To clarify the mechanism by
which hypocretin depolarized hypocretin neurons, weFigure 3G with cells held at 35mV. The addition of
the GABA-A receptor antagonist bicuculline (30 M), used AP-5 and CNQX to block glutamate synaptic trans-
mission. AP-5 and CNQX blocked excitatory synaptictogether with the AMPA and NMDA receptor antagonists
AP-5 (50 M) and CNQX (10 M), blocked all synaptic activity and attenuated spontaneous spike frequency,
reducing it from 3.7  0.7 Hz (range 1.1–6 Hz) to 0.8 events with a minimum current of 5 pA, suggesting that
glutamate and GABA transmission were the primary syn- 0.3 Hz (range 0–2 Hz, n 7, Figure 4B). In addition, AP-5
and CNQX blocked the hypocretin-mediated increaseaptic inputs to the hypocretin neurons (Figure 3G). When
the AMPA and NMDA receptor antagonists AP-5 and in spike frequency, 0.7 0.4 Hz (n 7) after the applica-
tion of Hcrt-2 (2 M). Thus, Hcrt-2 did not increase spikeCNQX were bath applied, either in voltage or current
clamp, inward currents and depolarizing synaptic activ- frequency in the presence of ionotropic glutamate re-
ceptor antagonists. All neurons tested showed recoveryity were blocked (data not shown). In the presence of
AP-5 and CNQX, very few IPSCs were recorded, sug- of excitatory synaptic activity after AP-5/CNQX wash-
out. The frequency of postsynaptic potentials was 4.0gesting that the maintenance of GABA transmission to
the hypocretin neurons was dependent on glutamate 0.9 events/s (range 1.2–7.5 events/s, n 7) under control
conditions; this decreased to a level of 5%  1% oftransmission.
Hypocretin Neurons—Physiological Characteristics
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Figure 4. Hypocretin-Induced Depolarization
and Spike Frequency Increase Is Dependent
on Synaptic Release of Glutamate
(A) Hypocretin neuron was depolarized, and
its spike frequency was increased after
Hcrt-2 (2 M) was applied.
(B) In the presence of AP-5 (50M) and CNQX
(10 M), hypocretin failed to induce either a
depolarization or a spike frequency increase.
All hypocretin neurons tested showed recov-
ery of excitatory postsynaptic activity after
AP-5 and CNQX washout.
baseline events in the presence of AP5 and CNQX and miniature PSCs were observed. Similar to spontaneous
PSCs, at a membrane potential of 60mV, most minia-showed no change when Hcrt-2 (2M) was added (4%
1% of baseline). PSP frequency recovered to 87%  ture currents were determined to be mEPSCs. Using an
algorithm based on fast rise and fall time (Bekkers and24% of control after washout of Hcrt-2, AP-5, and CNQX.
Because hypocretin did not excite the hypocretin neu- Stevens, 1995) typical of glutamate-mediated mEPSCs,
recorded mEPSCs had a baseline frequency of 4.7 rons directly, we postulated that the enhanced action
potential firing in the presence of Hcrt-2 might be due 1.0 Hz (range 2.4–10.1 events/s, n  7). The amplitude
of mEPSCs was from 7.1 to 65 pA, with a mean ofto increased excitatory synaptic transmission. We
tested this hypothesis by examining the effect of Hcrt-2 15.0  0.3 pA (n  7). Coapplication of Hcrt-1  Hcrt-2
increased the frequency of mEPSC to 179%  24%on the glutamate synaptic input to the hypocretin neu-
rons. Spontaneous PSCs were observed, and most of (range 113%–303%, n  7) (Figure 6A), a statistically
significant increase (ANOVA test, p  0.05). The fre-these were EPSCs. PSCs were recorded from hypocre-
tin neurons clamped at a normal resting membrane po- quency of mEPSCs returned to 110%  3.5% after
washout. Cumulative probability distributions of the am-tential of 60mV. The baseline frequency of sEPSCs
was 4.3  0.6 Hz (range 1.9–13.7 Hz, n  19). Hcrt-2 plitudes in control, Hcrt-1Hcrt-2, and washout groups
were determined and showed little difference between(2M) increased the frequency of spontaneous postsyn-
aptic activity to 140%  17% (range 100%–227%; n  control and hypocretin stimulation (Figure 6B), as sug-
gested by a Kolmogorov-Smirnoff test (p 0.05). Appli-8, p  0.05, Figure 5A), and after washout of Hcrt-2, the
frequency of spontaneous postsynaptic activity re- cation of AP5 (50 M) and CNQX (10 M) completely
blocked mEPSCs (n 7). These data suggest that hypo-turned to 97%  8.5%. In the presence of bicuculline,
Hcrt-2 (2 M) induced a large increase in the frequency cretin can act directly on axon terminals innervating
hypocretin neurons to enhance the release of excitatoryof EPSCs (mean increase to 195% 27%, range 112%–
389%, n  9, p  0.05, Figure 5B). The frequency of transmitters. The excitatory transmitter increased was
probably glutamate, as both small and large excitatoryEPSCs returned to baseline levels (107%  9.0%) after
Hcrt-2 washout. Hcrt-1 also increased the frequency of synaptic events were blocked by the selective glutamate
receptor antagonists AP5 and CNQX.EPSCs (mean increase to 255%  69%, range 112%–
639%, n  7, p  0.05), and the frequency of EPSCs When hypocretin cells were maintained in 0.5M TTX,
Hcrt-1 and Hcrt-2 had no effect on membrane potentialreturned to 111%  9.2% after Hcrt-1 washout.
After Hcrt-1 and Hcrt-2 were individually tested, or input resistance (Figure 6C). The membrane potential
and input resistance were 59mV  2.8mV (n  8) andHcrt-1 and Hcrt-2 were coapplied to hypocretin neurons.
Coapplication increased the frequency of EPSCs to 301  37 M (n  6), respectively, in the presence of
TTX; when Hcrt-1 and -2 were coapplied in the presence329%  75% (range 237%–376%, n  3, p  0.05), and
the frequency of EPSCs returned to 123%  9.9% after of TTX, the membrane potential was 59mV  2.4mV
(p  0.05), and input resistance was 290  40 M (p washout (Figures 5C–5I). The frequency of sEPSCs re-
turned to the baseline level after washout of Hcrt-1, -2, 0.05). Thus, Hcrt-1 and -2 had no detectable direct effect
on either membrane potential or on input resistanceand Hcrt-1  Hcrt-2 in each case, respectively.
when spikes were blocked.
Hypocretin Enhances Release of Glutamate on
Hypocretin Cells by a Presynaptic Mechanism Glutamate Axons Contact Hypocretin Cells:
ImmunocytochemistryMiniature synaptic currents can be used to test the po-
tential for modulator effects directly on axon terminals. Glutamatergic axons contain one of several vesicular
transporters, and the presence of the vesicular trans-In the presence of 0.5 M tetrodotoxin to block spikes,
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porter has been suggested as a good label of gluta-
matergic neurons; the most common vesicular gluta-
mate transporter in the hypothalamus is vGluT2
(Fremeau et al., 2001; Ziegler et al., 2002). We used
antisera against vGluT2, combined with antisera against
hypocretin, to study cellular interactions. We found a
large number of red vGluT2 immunoreactive axons in the
area of hypocretin neurons, many of them in apparent
contact with the immunoreactive green hypocretin cell
body or primary dendrites. Typically, dozens of vGluT2
immunoreactive boutons appeared to contact the peri-
karyon and primary dendrites of hypocretin neurons.
Control experiments with omission of the primary antise-
rum, preadsorption with the antigen, and omission of
the secondary antisera were all negative. Although ultra-
structural analysis is needed to confirm synaptic interac-
tion at a morphological level, the high density of vGluT2
boutons in apparent contact with hypocretin neurons is
cytochemical/anatomical corroboration for our physio-
logical findings that glutamate neurons modulate the
activity of hypocretin cells; the physiological findings
above are all consistent with synaptic contact of gluta-
mate boutons with hypocretin neurons (Figure 7).
Inhibitory Response of Hypocretin Neurons
to Serotonin, Norepinephrine, but Not
to Histamine or Acetylcholine
Hypocretin neurons innervate other brain regions in-
volved in arousal and attention; these areas include the
locus coeruleus, dorsal raphe, dorsal tegmentum, and
the tuberomammillary nucleus. Physiological studies
suggest that, in each region, hypocretin exerts an excit-
atory action (Horvath et al., 1999a; Hagan et al., 1999;
Burlet et al., 2002; Brown et al., 2001; Eriksson et al.,
2001; Liu et al., 2002). The transmitters in the efferent
projections from these regions include, respectively,
norepinephrine (NE), serotonin (5HT), acetylcholine, and
histamine. Each of these four transmitters has been re-
ported to evoke either excitatory or inhibitory actions in
different brain regions, and axons containing one or the
other of the four transmitters are found in the hypothala-
mus (Clarke et al., 1985; Palacios et al., 1981; Hokfelt
et al., 1987). We therefore studied the responses to each
of the four transmitters in identified hypocretin neurons
recorded in hypothalamic slices. Concentrations of
transmitter used were based on those previously re-
ported (Kirkwood et al., 1999; Duffy and MacVicar, 1995;
Talley et al., 1997).
In current clamp, both NE (50 M) and 5HT (100 M)
inhibited spike frequency, in some neurons blocking
spikes entirely (Figures 8A and 8E). NE reduced spike
frequency substantially to 16%  11% from a baseline
frequency of 2.3 Hz (n  11), and 5HT reduced it to
7%  7% from a baseline of 2.6 Hz (n  9). Spike
frequency returned to normal levels upon washout of
the transmitters (Figures 8A and 8E). To determine if thisFigure 5. Both Hcrt-1 and Hcrt-2 Increase EPSCs
(A) Hypocretin neurons clamped at 60mV, showed spontaneous
postsynaptic activity. The frequency of postsynaptic activity in-
creased after application of hypocretin-2 (2 M), then recovered to
normal after hypocretin-2 washout. spontaneous EPSCs were recorded from hypocretin neurons
(B) In the presence of bicuculline to block GABA receptors, hypocre- clamped at 60mV. (D) Hcrt-1 (1 M) increased frequency of
tin-2 increased EPSCs that recovered after washout. sEPSCs. (E) Washout. (F) Hcrt-2 (2 M) increased frequency of
(C–I) Traces from a single neuron, showing both Hcrt-1 and -2 increase sEPSCs. (G) Washout. (H) Hcrt-1 (0.5 M) plus Hcrt-2 (1 M) in-
EPSCs in the same cell. (C) In the presence of bicuculline (30 M), creased frequency of sEPSCs again. (I) Washout.
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Figure 7. Glutamatergic Axons Contact Hypocretin Neurons—
Immunocytochemistry
(A) Hypocretin neurons are immunolabeled with FITC and seen as
green. Scale bar, 10 m.
(B) In the same field, vGluT2 immunoreactive red boutons are
common.
(C) Red and green photos above are combined, together with dapi
that stains all cell nuclei blue.
(D) Higher magnification of (C), with small arrowheads pointing at
numerous vGluT2 boutons in apparent contact with the hypocretin
neuron cell body and proximal dendrites.
Figure 6. Hcrt-1 plus Hcrt-2 Increased Miniature PSC Frequency was due to a direct effect on hypocretin neurons, as
but Did Not Influence Input Resistance or Membrane Potential in
opposed to an indirect effect through modulation ofthe Presence of TTX
synaptic input, we blocked spike-mediated transmitter(A) In the presence of 0.5 M TTX, miniature EPSCs were recorded
release with 0.5 M TTX. In the presence of TTX, NEfrom hypocretin neurons clamped at 60mV. Hcrt-1 (1 M) plus
and 5HT evoked substantial outward currents in voltageHcrt-2 (1 M) increased frequency of mEPSCs. mEPSC frequency
decreased to control levels after washout of the peptides.
(B) Cumulative probability distribution for mEPSC amplitude in the
presence or absence (control) of Hcrt-1 plus Hcrt-2.
(C) Hypocretin neuron was injected with current from 200 pA to Hcrt-1 plus Hcrt-2. These data show relatively little effect of hypocre-
180 pA for 100 ms with 20 pA increments, at 2 s intervals under tins directly on current voltage relations. , control; , application
current clamp. I-V relation before, during, and after application of of Hcrt-1 plus Hcrt-2; , washout.
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Figure 8. Norepinephrine and Serotonin Inhibit Hypocretin Neurons
(A–D) NE (50 M) exerts an inhibitory effect on action potential frequency (A), causes hyperpolarization (A and B), and induces an outward
current (C) in hypocretin neurons.
(E–H) 5-HT (100 M) exerts an inhibitory effect on action potential frequency (E), causes hyperpolarization (E and F), and induces an outward
current (G) in hypocretin neurons. (D) and (H) show bar graphs summarizing changes in membrane potential and spike frequency in response
to NE or 5HT (Ctrl, baseline control; W/O, recovery after transmitter washout). (I) Single hypocretin neuron expresses both NE and 5HT
receptors but does not respond to acetylcholine (10 M) or histamine (10 M). TTX used in (B), (C), (F), and (G).
clamp at a holding potential of 60mV (Figures 8C and quency, outward current, and membrane hyperpolariza-
tion were all statistically significant (ANOVA, p  0.05).8G). NE evoked a 26  2 pA current, and 5HT evoked
25  4 pA current. In current clamp, both NE and 5HT Based on the mean response, neither acetylcholine
(10M) nor histamine (10M) exerted a significant effectevoked hyperpolarization of the membrane potential, as
shown in Figures 8B and 8F. The membrane potential on hypocretin neuron spike frequency (p  0.05). How-
ever, despite the lack of an action as judged by therecovered back to its control level after washout of the
transmitters. The effects of NE and 5HT on spike fre- average effect, one unusual cell studied in voltage clamp
Hypocretin Neurons—Physiological Characteristics
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did show a repeatable inward current in response to potassium currents, and presynaptic facilitation of
transmitter release (Liu et al., 2002; Horvath et al., 1999a;application of acetylcholine that recovered after wash-
Burlet et al., 2002; Eriksson et al., 2001; Brown et al.,out and showed the same inward current in two subse-
2001; Wu et al., 2002; Ivanov and Aston-Jones, 2000;quent acteylcholine applications. This leaves the door
van den Pol et al., 1998).open to the possibility that the activity of some hypocre-
Arousal of the brain is dependent on many regions oftin neurons may be modulated under some conditions
the brain receiving some form of arousal signal in aby acetylcholine.
relatively simultaneous fashion. Neurons within otherTo determine if single hypocretin neurons expressed
brain regions involved in arousal, including the locusboth NE and 5HT receptors, we stimulated single cells
coeruleus and dorsal raphe, show increases in groupwith each of the two transmitters, in addition to acetyl-
activity, indicating some levels of orchestration of outputcholine and histamine. To avoid a serial position effect,
(Guzman-Marin et al., 2000; Usher et al., 1999; Kilduffthe order of transmitter application was changed in each
and Peyron, 2000). This suggests that some orchestra-neuron tested; in a total of nine cells tested in this man-
tion of this output signal probably exists among hypo-ner, we found no indication that responses were
cretin neurons.changed by the order of application. All nine neurons
Based on our experiments, hypocretin neuronstested showed a reduction in spike frequency in re-
showed a substantial depolarization and robust increasesponse to both NE and 5HT (Figure 8I), indicating that
in activity when the slice was stimulated by hypocretin.most hypocretin neurons had functional receptors for
In contrast, in the presence of TTX to block action poten-both NE and 5HT. In five cells treated with all four trans-
tials, or in the presence of glutamate receptor antago-mitters, none showed a detectable change in spike fre-
nists, hypocretin had little effect on membrane proper-quency in response to acetylcholine or histamine (Figure
ties. The presence of transmitter glutamate in axons is8I). Together, these data support the conclusion that NE
further corroborated in the present paper where hypo-and 5HT exert direct inhibitory actions on hypocretin
cretin neurons appeared to be contacted by large num-neurons, whereas acetylcholine and histamine have little
bers of glutamatergic boutons containing glutamate ve-effect on hypocretin neuron spike frequency.
sicular transporter vGluT2 immunoreactivity. These
physiological and cytochemical data suggest that hypo-Discussion
cretin increases the synaptic activity and spike fre-
quency of hypocretin neurons by enhancing the releaseThe studies here describe the physiological behavior
of an excitatory transmitter, glutamate, from neurons inand neurotransmitter response profile of hypocretin
synaptic contact with hypocretin neurons. Based on theneurons, studied in brain slices.
finding that TTX blocked this effect, this would suggest
that the cell bodies of the glutamate neurons are proba-Hypocretin Stimulation of Hypocretin Neurons
bly close to the hypocretin neurons in the same slice.In the present set of experiments, we found no direct
Since the slices are fairly thin, around 200 m, it iseffect of either Hcrt-1 or -2 on hypocretin neurons. This
unlikely that a neuron at a long distance could send an
contrasts with neurons from other regions of the brain
efferent projection to the hypocretin neuron without the
that we and others have studied using parallel experi-
axon being damaged by the thin slice. Furthermore, the
ments. In the rat (Horvath et al., 1999a; Hagan et al.,
areas lateral to the hypothalamus and dorsal to the mid-
1999; Ivanov and Aston-Jones, 2000) and mouse (van thalamus were cut off prior to recording from the slice,
den Pol et al., 2002) locus coeruleus, we found a hypo- again arguing against the glutamate cell being a long
cretin-mediated depolarization even in the presence of distance from the hypocretin cell. Whether the gluta-
TTX, indicating a direct effect. Hcrt-1 was substantially mate cell in question sends local collaterals to hypocre-
more effective in the LC than Hcrt-2, consistent with the tin neurons and long projections elsewhere or is entirely
physiological response profile of the hypocretin recep- a local circuit neuron with no long projections remains
tor-1. Similarly, in the dorsal raphe, we found a similar to be determined.
depolarization mediated by a nonselective cation cur- We cannot rule out the possibility that hypocretin neu-
rent that was activated similarly by Hcrt-1 or -2 (Liu rons themselves release glutamate and that hypocretin
et al., 2002). In parallel, hypocretin directly depolarized release may enhance the release of glutamate from the
cholinergic neurons of the dorsal tegmentum (Burlet et parent axon by stimulating axonal hypocretin receptors.
al., 2002) and GABA neurons of the medial septum/ We have previously shown that hypocretin neurons con-
diagonal band (Wu et al., 2002). In contrast to these tain both large dense core vesicles that contain hypocre-
direct effects of hypocretin, cells from other regions of tin immunoreactivity and small clear vesicles that proba-
the CNS showed little direct response to hypocretin but bly contain a fast-acting transmitter and that hypocretin
did show responses dependent on increases in inhibi- boutons make asymmetrical synapses typical of excit-
tory synaptic input in the dorsal horn of the spinal cord atory axons (de Lecea et al., 1998; Horvath et al., 1999b).
(Grudt et al., 2002) or selective increases in excitatory In addition, we reported that hypocretin axons make
synaptic activity in the nucleus of the solitary tract (Smith synaptic contact with hypocretin neurons (Horvath et
et al., 2002). Finally, serotonin neurons of the raphe al., 1999b). Hypocretin neurons may also contain the
showed both direct excitatory and indirect inhibitory peptide dynorphin (Chou et al., 2001). Glutamate immu-
synaptic actions of Hcrt (Liu et al., 2002). Mechanisms of noreactivity has been reported in hypocretin neurons
hypocretin excitation include activation of nonselective (Abrahamson and Moore, 2001), and the glutamate ve-
cation currents, increase in sodium entry, activation of sicular transporter vGluT2 has been reported in the area
of the hypocretin neurons (Fremeau et al., 2001; Zieglerthe sodium-calcium exchanger, depression of outward
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et al., 2002). We show here that axons contacting hypo- Response to Other Arousal Neurotransmitters
Hypocretin neurons project to other arousal systemscretin neurons express vGluT2. Together, these data
within the brain, including the locus coeruleus, dorsalsuggest that hypocretin neurons may use glutamate as
raphe, tuberomammillary nucleus, and dorsal tegmen-a fast amino acid transmitter, but this requires further
tum (Peyron et al., 1998); in some cases, synaptic con-physiological confirmation. Indirect evidence based on
tact has been confirmed with ultrastructural analysis inthe narcoleptic phenotype of hypocretin knockout mice
the efferent target (Horvath et al., 1999a). Hypocretin iswhere the cell is presumably still intact but lacking hypo-
excitatory in each of these regions (Liu et al., 2002;cretin compared with mice where the hypocretin neu-
Eriksson et al., 2001; Horvath et al., 1999a; Hagan et al.,rons have been destroyed shows a slightly greater level
1999; Burlet et al., 2002; van den Pol et al., 2002). Theseof narcolepsy when the entire cell is lost, suggesting
regions synthesize four transmitters, respectively, NE,that the cells may release additional transmitter signals
5HT, histamine, and acetylcholine. Each of these can(Gerashchenko et al., 2001; Chemelli et al., 1999; Hara
exert excitatory or inhibitory actions, dependent on theet al., 2001).
receptors expressed and the identity of the cell studied.Our data suggest that hypocretin can enhance activity
We found that both NE and 5HT inhibited action poten-of hypocretin cells through hypocretin receptors on local
tials and hyperpolarized hypocretin neurons. The inhibi-glutamatergic neurons. This suggests that these local
tion was due to direct effects of these transmitters onglutamate neurons are in a position to interpolate a num-
hypocretin cells, as both transmitters evoked outwardber of signals that may influence hypocretin cells. In
currents even when action potential-mediated synapticaddition to general arousal, hypocretin cells have been
interaction was blocked with TTX. In contrast, little effectpostulated to respond to metabolic cues, including insu-
of two other transmitters related to arousal, acetylcho-lin, glucose, leptin, and starvation (Bayer et al., 2000;
line, and histamine was found, although further explora-Sakurai et al., 1998; Griffond et al., 1999; Lopez et al.,
tion of modulation of afferent input and specific ion2000; Moriguchi et al., 1999). These responses could be
channels may reveal responses not detected here. Al-direct or through indirect regulation of local neurons
though abundant NE and 5HT terminals exist in the hy-that express glucose, insulin, or leptin receptors and
pothalamus (Hokfelt et al., 1987), synaptic terminationsmodulate hypocretin cells through synaptic release of
on hypocretin neurons have not yet been confirmed.
glutamate, or through a combination of direct and indi-
However, if the locus coeruleus and dorsal raphe do
rect modulation.
project directly to the hypocretin neurons, our data sug-
In many experiments, we tested both Hcrt-1 and -2.
gest that this negative feedback would tend to depress
We found no obvious difference in the response to the the output of the hypocretin neurons. This would under-
two peptides that are both products of the same prepro- line the potential importance of some other mechanism
hypocretin. As both peptides are synthesized by the that would recruit or orchestrate the output of the hypo-
same hypocretin neuron, both would be released simul- cretin cells, potentially the model that we describe
taneously, and testing both peptides simultaneously above based on a glutamate neuron near the hypocretin
probably approximates the actual released peptides neuron that is excitatory to hypocretin neurons.
more closely than testing one peptide at a time. As
expected, coapplication of both peptides generated Physiology of Hypocretin Neurons
greater responses than each of the single peptides. The We examined the passive and active membrane proper-
hypocretin receptor-1 (orexin receptor 1) is substantially ties of hypocretin neurons. Hypocretin neurons tested
more sensitive to Hcrt-1, whereas hypocretin receptor-2 in this study appeared for the most part electrophysio-
(orexin receptor 2) shows a similar sensitivity to Hcrt-1 logically homogeneous. They had similar membrane re-
and -2 (Sakurai et al., 1998). The response of hypocretin sistance and membrane time constant. The input resis-
neurons to both Hcrt-1 and -2 would be consistent with tance of the hypocretin neuron is high but within the
either the coexpression of both receptors or the expres- range reported in other hypothalamic neurons; the time
sion of hypocretin receptor 2. It is unlikely that hypocre- constant found in hypocretin neurons is near the long
tin neurons express only hypocretin receptor 1, as that end of the spectrum (Armstrong et al., 1994; Tasker and
would have made the response to Hcrt-1 greater than Dudek, 1991; Kim and Dudek, 1993).
to Hcrt-2, a result not found. One characteristic of hypocretin neurons that bears
If hypocretin has a positive feedback cycle with local mention is the capability for a sustained fast firing rate.
glutamatergic neurons, what factor would then reduce In normal slices, the spontaneous spike frequency was
the positive feedback? One possibility is that either the on the order of 1–3 Hz, and this increased by a factor
hypocretin cells or the local glutamate neurons receive of two to 3-fold in the presence of hypocretin. All hypo-
additional synaptic input from inhibitory systems that cretin neurons tested easily fired at a 100 Hz rate. The
would reduce activity. We did find evidence that hypo- maximum firing rate detected was 333 Hz. This is a
cretin neurons received direct inhibitory synaptic input remarkably fast rate for a hypothalamic neuron, and we
from GABAergic neurons. An increase in activity of these are unaware of any other hypothalamic neuron that has
inhibitory cells could be generated by a number of feed- been shown to fire faster (Tasker and Dudek, 1991; Kim
back possibilities and thereby reduce the activity of hy- and Dudek, 1993; Armstrong et al., 1994). In hippocam-
pocretin neurons. Another possibility is that other trans- pal neurons, an extended step depolarization can lead
mitter systems that receive excitatory input from to substantial spike frequency adaptation, a slowing of
hypocretin axons are involved in inhibitory feedback, as the spike frequency. In contrast, we found little evidence
of spike frequency adaptation in the majority of hypocre-discussed below.
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tin cells, although it has been shown in the paraventricu- tems, NE and 5HT, were inhibitory to hypocretin neurons
and may provide a negative feedback signal.lar nucleus (Tasker and Dudek, 1991). Spike frequency
adaptation has been reported as the decline in instanta-
Experimental Proceduresneous firing rate during a sustained current injection
and is a specific characteristic of a number of neurons,
Transgenic Mouseincluding motoneurons (Granit et al., 1963), hippocam-
In order to record from identified hypocretin neurons, transgenic
pal neurons (Madison and Nicoll, 1984), neurons from mice were generated that expressed enhanced green fluorescent
piriform cortex (Barkai and Hasselmo 1994), and some protein selectively in hypocretin neurons. The human hypocretin
promoter was used to drive the GFP sequence. A parallel approachhypothalamic neurons (Kim and Dudek, 1993; Armstrong
was used to generate transgenic mice that expressed the lac Z geneet al., 1994). The biophysical mechanisms underlying
under control of the same human hypocretin promoter (Sakurai etspike frequency adaptation are not yet clear but have
al., 1999). To verify the phenotype of neurons that expressed GFP,been commonly linked to the afterhyperpolarization po-
mice were anesthetized with an overdose of sodium pentobarbital
tential (AHP). The AHP is an important factor determining (100 mg/kg) and perfused transcardially with physiological saline,
spike frequency. That hypocretin neurons can generate followed by 4% paraformaldehyde. Thirty micron coronal sections
were cut through the brains, washed in phosphate-buffered saline,a high frequency of spikes is consistent with the relative
treated with 0.3% Triton X-100, and immersed in a blocking solutionabsence of spike frequency adaptation in hypocretin
consisting of 0.1% lysine, 1% bovine serum albumin, and 1% normalneurons. Recent work suggested that spike frequency
goat serum. Some sections were immunostained with rabbit antise-adaptation determined a preferred frequency of stimula-
rum against hypocretin (1:4000), described in detail elsewhere (van
tion in setting the frequency of population rhythms in den Pol et al., 1998, 1999). A secondary antiserum of goat anti-
the neocortex (Fuhrmann et al., 2002). Thus, compared rabbit immunoglobulin conjugated to Texas red (1:200; Molecular
Probes) was used to label hypocretin neurons. In addition, selectiveto neurons with spike frequency adaptation, hypocretin
guinea pig antisera against the glutamate vesicular transporterneurons can transmit a very high frequency of spikes
vGluT2 (Chemicon) were used to label hypothalamic axons. Second-to other neurons and play a crucial role in the computa-
ary anti-rabbit and anti-guinea pig sera were from Molecular Probes.tional excitation of a neural network. This feature may be
important to hypocretin neurons in their role in arousal.
Whole-Cell Recording from GFP-Expressing
Spike broadening was found during evoked spike trains, Hypocretin Neurons
parallel to previous reports in other hypothalamic neu- Transgenic mice 14–21 days of age were given an overdose of
sodium pentobarbital (100 mg/kg), the brains were removed, and arons (Kim and Dudek, 1993; Armstrong et al., 1994).
hypothalamic block prepared. Slices 220 m thick were cut on aSpike broadening is probably due to the inactivation
vibratome into ice-cold (4	C) and oxygenated high-sucrose solu-of voltage-gated outward potassium channels and the
tion which contained (in mM) sucrose, 220; KCl, 2.5; MgCl2, 6; CaCl2,enhanced influx of Ca2 via voltage-dependent calcium
1; NaH2PO4, 1.25; NaHCO3, 26; glucose, 10; pH 7.4 with NaOH. Aftercurrents (Armstrong et al., 1994). Spikes in hypocretin a 1–2 hr recovery period, slices were moved to a microscope cham-
neurons were consistently TTX sensitive and sodium ber on an upright Olympus BX51WI microscope that had an infrared
differential interference contrast condenser (IR-DIC) and fluorescentbased.
capability. Slices were perfused with a continuous flow of artificialThe excitatory response of hypocretin cells to hypo-
cerebrospinal fluid (ACSF) that was gassed with 95% oxygen at acretin is parallel to the excitatory response shown by
rate of 1 ml/min. GFP-expressing hypocretin neurons were detectedunidentified lateral hypothalamic cells studied in rat
with blue excitation light and a mercury bulb with an Olympus 100
slices where both Hcrt-1 and -2 increased synaptic ac- low-light video camera on an upright Olympus 51 microscope. The
tivity and spike frequency (van den Pol et al., 2001), same cell could also be seen with IR-DIC, which allowed simultane-
ous visualization of the recording pipette and neuron. Use of miceparallel to previous work with in situ hybridization show-
for these experiments was approved by the Yale University Commit-ing expression of hypocretin receptors in the lateral hy-
tee on Animal Use.pothalamus (Trivedi et al., 1998; Marcus et al., 2001).
Whole-cell pipettes with 4–6 M resistances after filling with pi-The 1–4 Hz firing rate of hypocretin cells in our slices is
pette solution were used. The pipette was made of borosilicate
similar to the firing rate of unidentified neurons recorded glass (World Presicion Instruments, FL) using a Narishige puller (PP-
with single unit recording from the hypocretin area of 83, Narishige Scientific Instrument Lab., Tokyo, Japan). After a G
seal was made on the GFP-expressing cell, negative pressure wasthe lateral hypothalamus in conscious rats (Alam et al.,
applied to break through to the whole-cell configuration. Seal resis-2002). We found no definitive physiological characteris-
tance was at least 500 M. Capacitance was compensated withtic of hypocretin neurons that could be used as reliable
Pulse software. Access resistance was measured at regular inter-markers to differentiate hypocretin neurons in whole-
vals; if greater than 20 M, then the experiment was not used for
animal studies. analysis. The bath ACSF solution consisted of (in mM) NaCl, 124;
In summary, the present paper describes the physio- KCl, 3; CaCl2, 2; MgCl2, 2; NaH2PO4, 1.23; NaHCO3, 26; glucose, 10;
pH 7.4 with NaOH, and was continuously bubbled with 5% CO2 andlogical characteristics of GFP-expressing hypocretin
95% O2. Reagents were added to the bath ACSF. The total bathneurons recorded in hypothalamic slices. Whereas we
volume of the recording chamber was 0.5 ml. Temperature wasfound no substantive response of these cells to their
maintained at 32	C. A HEKA EPC-9 amplifier (Lambrecht, Germany)
own peptide when excitatory synaptic activity was was used with Pulse software (Lambrecht, Germany) for data acqui-
blocked, both Hcrt-1 and -2 evoked a strong excitatory sition.
response from hypocretin neurons that was mediated Both current and voltage clamp configurations were used. In volt-
age clamp, unless otherwise noted, cells were held at 60mV. Theby local excitatory glutamatergic neurons in synaptic
pipette solution used for most experiments was (in mM) KMeSO4,contact with hypocretin neurons. These hypocretin-
145; MgCl2, 1; HEPES, 10; EGTA, 1.1, Mg-ATP, 2; Na2-GTP, 0.5, pHresponsive glutamatergic neurons may serve to orches-
7.3 with KOH. In some cells, pipettes were also loaded with micror-
trate the excitatory output of the hypocretin neurons that uby dextran (Molecular Probes) to verify the identity of the recorded
are widely distributed within the lateral hypothalamus/ cell. In current clamp, neurons were held at resting membrane poten-
tial, generally near 60mV. The passive membrane properties wereperifornical region. Transmitters of other arousal sys-
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tested by injection of a series of constant current pulse (from 200 Bayer, L., Colard, C., Nguyen, N.U., Risold, P.Y., Fellmann, D., and
Griffond, B. (2000). Alteration of the expression of the hypocretinpA to 60 pA for 100 ms with a 10 pA increment, at 2 s intervals) to
the recorded neurons held at resting membrane potential. Mem- (orexin) gene by 2-deoxyglucose in the rat lateral hypothalamic area.
Neuroreport 11, 531–533.brane time constants were calculated from the means of 100 pA,
100 ms, hyperpolarizing pulses, as the time necessary to reach Bekkers, J.M. and Stevens, C.F. (1995). Quantal analysis of EPSCs
e1 (63%) of the maximum voltage deflection. The action potential recorded from small numbers of synapses in hippocampal culture.
threshold was determined by injecting a series of positive currents J. Neurophysiol. 73, 1145–1156.
to 60 pA for 100 ms with a 20 pA increment, at 2 s intervals). Spike
Bourgin, P., Huitron-Resendiz, S., Spier, A.D., Fabre, V., Morte, B.,
amplitudes were measured from resting potential to peak. The
Criado, J.R., Sutcliffe, J.G., Henriksen, S.J., and de Lecea, L. (2000).
threshold for spike initiation was taken as the beginning of the
Hypocretin-1 modulates rapid eye movement sleep through activa-
upstroke of the action potential. To test the active membrane prop-
tion of locus coeruleus neurons. J. Neurosci. 20, 7760–7775.
erties, two different long positive current injections (square pulse:
Broberger, C., De Lecea, L., Sutcliffe, J.G., and Hokfelt, T. (1998).current from 20 pA to 240 pA for 3 s with a 20 pA increment, at 5
Hypocretin/orexin- and melanin-concentrating hormone-expressings intervals; ramp pulse: current from 0 pA to 800 pA for 1 s with a
cells form distinct populations in the rodent lateral hypothalamus:100 pA increment, at 5 s intervals) were injected to the recorded
relationship to the neuropeptide Y and agouti gene-related proteinneurons. Finally, to test how fast hypocretion/orexin neurons could
systems. J. Comp. Neurol. 402, 460–474.follow the stimulating pulses, suprathreshold brief square pulses at
frequencies from 1 Hz to 500 Hz were applied. Glutamate and GABA Brown, R.E., Sergeeva, O., Eriksson, K.S., and Haas, H.L. (2001).
receptor agonists (muscimol, AMPA, and NMDA) were applied to Orexin A excites serotonergic neurons in the dorsal raphe nucleus
the recorded neurons via a flow pipe. of the rat. Neuropharmacology 40, 457–459.
Data were analyzed with PulseFit, Axograph 4.5 (Axon Instrument), Burlet, S., Tyler, C.J., and Leonard, C.S. (2002). Direct and indirect
and Igor Pro 3.16 software (WaveMetrics, Lake Oswego, OR). To excitation of laterodorsal tegmental neurons by Hypocretin/Orexin
study the effect of hypocretin on miniature postsynaptic currents peptides: implications for wakefulness and narcolepsy. J. Neurosci.
(mPSCs), recordings were done with a bath solution that included 22, 2862–2872.
0.5 M tetrodotoxin to block action potentials. Mini PSCs were
Chemelli, R.M., Willie, J.T., Sinton, C.M., Elmquist, J.K., Scammell,
quantified with an algorithm sensitive to event shape in AxoGraph
T., Lee, C., Richardson, J.A., Williams, S.C., Xiong, Y., Kisanuki, Y.,
4.5 (Bekkers and Stevens, 1995), and only those events with ampli-
et al. (1999). Narcolepsy in orexin knockout mice: molecular genetics
tude 5 pA were used. This has been described in detail elsewhere
of sleep regulation. Cell 98, 437–451.
(Gao and van den Pol, 1999). The frequency of action potentials
Chou, T.C., Lee, C.E., Lu, J., Elmquist, J.K., Hara, J., Willie, J.T.,were measured by using AxoGraph 4.5 as well. The action potentials
Beuckmann, C.T., Chemelli, R.M., Sakurai, T., Yanagisawa, M., etwere detected by a fixed amplitude template, which was moved
al. (2001). Orexin (hypocretin) neurons contain dynorphin. J. Neu-along the recorded traces to test for a match. The frequency of
rosci. 21, RC168.action potentials is given in Hz. Data are expressed as mean 
SEM; t test, ANOVA, and Kolmogorov-Smirnoff statistical tests were Clarke, P.B., Schwartz, R.D., Paul, S.M., Pert, C.B., and Pert, A.
used. (1985). Nicotinic binding in rat brain: autoradiographic comparison
of [3H]acetylcholine, [3H]nicotine, and [125I]-alpha-bungarotoxin. J.
Chemicals and Reagents Neurosci. 5, 1307–1315.
A number of reagents were used. These included hypocretin-1 (Ore- de Lecea, L., Kilduff, T.S., Peyron, C., Gao, X., Foye, P.E., Danielson,
xin-A; Phoenix Pharmaceuticals, Inc., Belmont, CA), hypocretin-2 P.E., Fukuhara, C., Battenberg, E.L., Gautvik, V.T., Bartlett, F.S., II,
(Hcrt-2) (Stanford University Peptide Facility), TTX (Alomone Labs, et al. (1998). The hypocretins: hypothalamus-specific peptides with
Ltd, Jerusalem, Israel), bicuculline methiodide, DL-2-Amino-5-phos- neuroexcitatory activity. Proc. Natl. Acad. Sci. USA 95, 322–327.
phonovaleric acid (AP-5), 6-Cyano-7-nitroquinoxaline-2,3-dione
Duffy, S., and MacVicar, B.A. (1995). Adrenergic calcium signaling(CNQX), muscimol, ()-
-Amino-3-hydroxy-5-methylisoxazole-4-
in astrocyte networks within the hippocampal slice. J. Neurosci. 15,propionic acid hydroromide (AMPA hydrobromide), N-methyl-d-
5535–5550.aspartic acid (NMDA), serotonin, norepinephrine, histamine, and
Elias, C.F., Saper, C.B., Maratos-Flier, E., Tritos, N.A., Lee, C., Kelly,acetylcholine were purchased from Sigma (St Louis, MO).
J., Tatro, J.B., Hoffman, G.E., Ollmann, M.M., Barsh, G.S., et al.
(1998). Chemically defined projections linking the mediobasal hypo-Acknowledgments
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